Experimental Section

Materials
All investigated chemicals and materials were of analytical grade and used without further purification. Cobalt chloride hexahydrate (CoCl 2 ·6H 2 O, 99%), graphite powder (98%), urea (CO(NH₂)₂, 99%), HMT (C 6 H 12 N 4 ), and sodium hydroxide (NaOH, 98%) were supplied by Wako Co., Ltd., Osaka, Japan. Cobalt nitrate hexahydrate (Co(NO 3 ) 2 •6H 2 O, 98%), ammonium nitrate (NH₄NO₃, 99%), absolute ethanol (C 2 H 5 OH, 99.5%), nitric acid (HNO 3 , 61%), sulfuric acid (H 2 SO 4 , 95%), hydrochloric acid (HCl, 36%), and hydrogen peroxide (H 2 O 2 , 30%) were purchased from Nacalai Tesque Co., Japan. The MWCNTs (98%) were obtained from Sigma-Aldrich Company Ltd., USA, whereas the potassium permanganate (KMnO 4 , 99.5%) was purchased from Tokyo Chemical Industry Company (TCI), Ltd., Japan. The 3D porous Ni foam (3D PNi) (1 cm × 1 cm) was produced by TCI as a conductive scaffold on which the nanocomposites were grown. Prior to synthesis, the 3D PNi substrates were repeatedly rinsed by sonication in concentrated HCl solution, ethanol, and Milli-Q water in succession and then dried for 12 h at 60 °C.
Purification and functionalization of MWCNTs
The raw MWCNTs were initially mixed with HNO 3 /H 2 SO 4 solutions at a 1:3 ratio. The mixture was then ultrasonicated at 50 °C for 5 h and then refluxed at 110 °C for 3 h. Afterward, the resulting mixture was diluted at pH 7 using deionized water. The solid (i.e., oxidized MWCNTs) was collected by centrifugation and dried at 65 °C overnight for later use.
Preparation of graphene oxide
Graphene oxide was successfully synthesized from graphite powder in accordance with the slightly modified Hummers method 1 . Typically, 2 g of graphite powder (~40 μm) was reacted with a strong oxidizing solution of concentrated H 2 SO 4 and HNO 3 (100 mL, 1:1 v/v) by vigorous stirring for 1 h at 25 °C. Afterward, the solution was placed in an ice-water bath, and 7 g of KMnO 4 was slowly added to the solution under stirring for 2 h. The mixture was then ultrasonicated for 6 h at 40 °C to avoid obtaining a homogeneous reaction solution. Deionized water (350 mL) was then mixed with the formed gel, and the whole mixture was stirred at 80 °C for 1 h. Subsequently, 120 mL of 30% H 2 O 2 and 50 mL of 15% HCl solutions were added to the mixture and then stirred for 10 min. The gel mixture was allowed to stand until brownish precipitation. The solid materials were washed repeatedly with double-distilled water and dried overnight at 60 °C prior to the next investigation.
Preparation of C-NT/CoO CPs/3D PNi nanostructures
A simple, one-pot method for the synthesis of C-NT/CoO CPs/3D PNi electrode was achieved through a microwave-assisted technique. In this method, 0.1 M cobalt nitrate hexahydrate and 0.35 M HMT were mixed with 37 mL of deionized water while stirring for 10 min. Then, 80 mg of oxidized C-NTs were immersed into the above solution and vigorously stirred for 3 h. The mixture was subsequently transferred into a Teflon-lined autoclave containing a 3D PNi sheet (Scheme 1) and then subjected to microwave irradiation (600 W) at 160 °C for 1 h. The collected sample was carefully washed with ethanol and deionized water, dried at 60 °C overnight, and finally calcined at 400 °C for 4 h in air.
Fabrication of C-NT or g-C/Co 3 O 4 or CoO/GC
To investigate the effect of the carrier substrate on EOR efficiency using a longitudinal electrode design, several electrochemical experiments were conducted using C-NT or g-C/Co 3 O 4 or CoO/GC electrodes at electrochemical conditions similar to those applied to the C-NT or g-C/Co 3 O 4 or
CoO/3D PNi electrode assays. The thin-film-layered C-NT or g-C/Co 3 O 4 or CoO/GC electrode was fabricated by dispersing the active catalyst powder onto a GC substrate through a heterogeneousassisted ink-deposition method at 25 °C. The homogeneous catalyst ink was prepared by mixing 5 mg of active catalyst to 50 μL of 5 wt% Nafion solution employed as a binder in 2 mL of Milli-Q water under ultrasonication for at least 30 min. The catalyst ink (4 μL) was then loaded onto the active area of a GC (Φ = 3 mm) at ~0.143 mg/cm 2 . The catalyst ink-loaded GC electrode was dried in a sealed oven at 50 °C to allow the formation of uniform catalyst layers over the GC substrate area.
Characterization
The morphologies of the annealed samples were investigated by FE-SEM (JEOL Model 6500) at 15
kV. The C-NT or g-C/Co 3 O 4 or CoO/3D PNi electrodes were fixed onto the FE-SEM stage using carbon tape before insertion into the FE-SEM chamber. The ion sputter (Hitachi E-1030) was used to deposit thin-layered Pt films on electrodes at 25 °C.
A focused ion beam (FIB) system (JEM-9320FIB) operated at accelerating voltages from 5-30 kV with variable steps of 5 kV and magnification ranging from 150× to 300000×. The orientation axis (X and Y) of the powder samples containing C-NT or g-C/Co 3 O 4 or CoO catalysts can be changed within ±1.2 mm through a tilt angle of ± 60°. The samples were inserted inside the FIB machine using a bulk-sample holder (8 × 8 mm 2 ) after deposition by a carbon protection layer. Before FIB investigation, the powder samples of the C-NT or g-C/Co 3 O 4 or CoO catalysts were mixed with small amounts of epoxy (Gatan, Inc.) onto a small silicon wafer using a fine eyelash probe to form very thin films on the silicon substrate (Figures 2 and S7 ). Each thin film was baked on a hot plate at 130 °C for 10 min and subsequently coated with a uniformly thin carbon layer of about 30 nm. The samples were inserted into the FIB microscope operated at 30 kV and then roughly milled on both sides until a final thickness of 2 μm using −1.5° and +1.5° tilts. Afterward, the C-NT or g-C/Co 3 O 4 or CoO sample was cut and removed from the FIB system for subsequent HAADF-STEM microscopy.
HAADF-STEM was employed to perform (i) TEM and (ii) STEM, (iii) EDS for elemental mapping, and (iv) electron diffraction (ED). The HAADF-STEM micrographs were recorded using a JEM-ARM200F-G instrument supplied with aberration correctors at the illumination and imaging lens systems to observe TEM/STEM images at high resolution. The HAADF-STEM microscope was also equipped with a monochromated electron gun and supported by electron energy-loss spectroscopy at a high-energy resolution. Specifically, the cross-section specimens for HAADF-STEM was prepared by FIB system milling. The fine trapped probes typically sharpened the sample in the parallel direction of the longitudinal c-axis. The well-prepared FIB samples were attached to a silver grid by epoxy materials using a pick-up system. The C-NT or g-C/Co 3 O 4 or CoO attached to the silver grid was inserted again into the FIB system to produce a 100 nm-thick layer. The sample was thinned from both sides by using alternate beams with variable intensity until the final thickness of 100 nm. The 100 nm sample was viewed under the HAADF-STEM microscope to record the cross-sectional images.
The surface properties of the material involving the pore structure distribution and surface area were estimated by N 2 adsorption-desorption isotherms at 77 K using a BELSORP36 analyzer (JP. BEL Co., Ltd.). The samples were thermally treated at 200 °C for at least 6 h under N 2 atmosphere. The specific surface area (S BET ) was calculated using the Brunauer-Emmett-Teller (BET) method with multipoint adsorption data from the linear section of the N 2 adsorption isotherm. The pore size distribution was determined using nonlocal DFT (NLDFT).
The structural geometry of the catalysts was further examined by WA-XRD. The WA-XRD patterns were recorded using a 18 kW diffractometer (Bruker D8 Advance) at scan rate of 10°/min with monochromated Cu Kα -X-radiation (λ = 1.54178 Å Raman spectroscopy (HR Micro Raman spectrometer, Horiba, Jobin Yvon) was conducted using an
Ar ion laser at 633 nm. A CCD (charge coupled device) camera detection system and the LabSpec-3.01C software package were used for data acquisition and analysis, respectively. To ensure the accuracy and precision of the Raman spectra, 10 scans of 5 s from 300 cm −1 to 1,600 cm −1 were recorded.
TG and DTA were achieved using a simultaneous DTA-TG Apparatus TG-60 (Shimadzu, Japan).
Electrochemical measurements
Electrochemical measurements were obtained in a home-made electrochemical cell using 
Mathematical modelling
DFT is a promising approach to effectively illustrate the electronic correlation effects. In this study, Basically, the unique structures of the fabricated electrodes were contributed by the directing basic salt (urea and HMT) and cobalt precursor. To well understand our unique and reasonable electrode building along the longitudinal scales, Table S1 summarizes some of the reported materials based sheets, nanowires, and rod structures by different routes. 
Supplementary S1
Addition of urea and hexamethylenetetramine (HMT, C 6 H 12 N 4 ) agents is essential to achieve NR-, LS-and MCS-like morphologies, determine the orientation of growth of Co 3 O 4 or CoO mesocrystals, and construct the atomic structure along with the active exposure of low-and high-index single and interface plane surfaces ( Figures S1-S4 ). The dose of urea species significantly affects the formation of CP-(high urea concentration) and BC-(low urea concentration) NR Co 3 O 4 structures with specific crystal planes and, consequently, the catalytic performance in EOR. In addition, the proposed growth mechanism of Co 3 O 4 or CoO mesocrystals in hybrid or electrode fabrics most likely involves two stages: (i) homogeneous nucleation of cobalt seeds potentially forming thermodynamically stable and actively centered nuclei sites of Co(CO 3 ) 0.5 (OH) x ·0.11H 2 O composition domains and (ii) time-and temperature-dependent controlled growth of active and stable-centered seeds to achieve longitudinal growth around the c-axes in the final structures. 21, 22 . These findings were noted from the wide-angle powder X-ray diffraction (WA-XRD)
profiles. The WA-XRD spectra of the carbon/Co(OH) 
Supplementary S10
The crystallographic nature and morphological shape of the individual mesocrystals of the hierarchical C-NT/Co(OH) x (CO 3 ) 0.5 •0.11H 2 O BC-NRs were evident from the HAADF-STEM and ED images (inset), as shown in Figures S10A and S10B. With high-temperature treatment, no change was observed in the morphological shape of the BC-NRs (Figures S8C-S8E) . 
Supplementary S11
To control the electrochemical performance of the electrodes, the cyclic voltammetry (CV) technique was initially applied in 0.5 M NaOH using a N 2 -saturated electrolyte at a scan rate of 50 mV s −1 at room temperature (details are available in the Electrochemical Measurements segment of the Supplementary Section). Notably, the current density of well-cleaned 3D PNi was basically negligible (~0.5 mA/cm 2 ) compared with that of the proposed electrode designs ( Figure S11A ).
Under pure alkaline conditions, all of the electrodes revealed two sets of redox couples produced from the reversible reactions of Co 3 O 4 and CoOOH (peaks I/IV) and between CoOOH and CoO 2 (peaks III/II) (Figures 3, S11 , S12, S13, S14A-D, and S15). Figures S11B-C show the CV profiles of pristine g-C and C-NT counterparts in 0.5 m NaOH recorded at a scan rate of 50 mV s − 1, and with/without addition of 0.5 M ethanol. Findings show evidence that both g-C and C-NT counterparts have poor electro-catalytic activity towards EOR in alkaline conditions. In electrochemical assays with addition of ethanol, the observed CV profiles of g-C and C-NT demonstrate that no oxidation current for ethanol electrooxidation is detected as the same trend as in pure alkaline media.
To study the synergetic contribution of the g-C and C-NT counterparts to the EOR electroactivity of the hybrid electrodes, we carried out a set of electrochemical experiments (see Figure S11 -S14). The Our finding indicates that the highly conductive g-C counterpart provides double current density and facile electron transport at the electrode-electrolyte interfaces of the C-NT support, which leads to the ultrafast electron transport kinetics of the electrooxidation reactions (See Supporting S11B&C) 16, 19 . Consequently, the facile charge/electron transport through the tunneling C-tubular cylinders or ordered g-C sheet layers leads to the effective removal of intermediates and the continuous oxidation of organic molecules onto the electrode surfaces 41 . Figure S12 ). With increasing scan rate, the redox peak currents of both the anodic and cathodic scan increased linearly despite the -ve and +ve shifts, respectively, in both surface-controlled processes at scan rates > 50 mV s −1 . This result indicates facile electron transport and diffusion along the longitudinal surfaces of the electrodes 33 . 
Supplementary S13
To further illustrate the superior effect of the direct longitudinal growth of electroactive C/Co 3 O 4 catalysts into free-supporting 3D PNi electrode on electrochemical activity in terms of current density and stability of electrodes, we performed the EOR using a C-NT or g-C/Co 3 O 4 /GC electrode ( Figures S13-S15 ). The GC-based electrode was fabricated through a heterogeneous-assisted ink deposition method (see Experimental Section in Supplementary Information). A set of EOR catalytic experiments was also performed using both electrodes based on C-NT or g-C/Co 3 O 4 and C-NT/CoO
CPs to show the effective influence of Co 3+ site composition on EORs.
Similar to the electroactivity of the 3D PNi modified electrodes in the absence or presence of ethanol, the catalytic activity of the GC-based electrodes was improved indiscriminately by the synergetic role of the counterparts ( Figure S15 ). However, the disparity in catalytic activity ( Figure S13 ) among the electrodes can be ascribed to the interactions of the catalytically exposed sites. Particularly, the interplay of Co 3+ with the counterparts added significant advantages to the catalytic activity for the EOR. A higher change in the relative current of GC-based electrodes was observed after long-term cycling (i.e., 18,000 s) relative to that of the free-supporting 3D PNi -based electrodes. This finding indicates the efficient design and stability of the PNi-based electrode ( Figures S13-S13) . The results also reveal the beneficial and fractal effects of the direct, longitudinal growth of carbon/Co 3 O 4 into free-supporting 3D PNi electrodes from the vertical alignment of NR, MCS, and LS morphologies.
Their robustness in the electrode design into open and connective macroporous pores of PNi carriers ensured much higher molecular trapping, diffusion levels, and facile electron movements along this unique longitudinal build.
Our findings show a systematic electron movement concept along the LSs and MSCs could be manifested from the catalytic performances of both electrodes (Figures 3 and S13 ). The LS current density was mostly higher than that of the MCSs, indicating that the catalytic efficiency of LSs and
MCSs can vary in several key parameters as follows: (i) the nanoscale thickness of the edge and length of fattened lamina-layers, (ii) the vertically one-directional, alternately parallel, and discrete layers leading to symmetrically homogenous electron diffusivity among laminas, and (iii) the minimal electron movement across a longitudinal ridge channel in the rough MCSs (coherently opposite double-helix designs). In the design of MCSs, the effect of the position of the lamina multilayers lying opposite one another, with connecting horns along the central or longitudinal ridge, could reinforce the instability of electron transport through the ridge gate. Each opposing lateral across the contact ridge could also hinder or suppress the electron diffusivity to all the layers and areas once situated in both sides of the MCSs. 
EOR measurement of C-NT/Co 3 O 4 CPs/GC electrode
The electrochemical performances of the C-NT/Co 3 O 4 CPs/GC modified electrode were evaluated by CV (Figures S14-S15) in 0.5 M NaOH in the absence and presence of ethanol. By considering the same active mass of the C-NT/Co 3 O 4 CP catalyst uniformly loaded on both substrates, the C-NT/Co 3 O 4 CPs/3D PNi conductive substrate creates a cell capable of multiplying the efficiency of EOR to more than three times higher in current density than the film-casted/GC-based electrode ( Figure S14 ). The marked currents of the C-NT/Co 3 O 4 CPs/3D PNi electrode is mainly due to the direct contact of the active material to the current collector (3D PNi), which ensures fast electron transport. Moreover, the absence of polymeric binders can greatly improve the electrode's electrocatalytic activity. The gradual increase in cathodic peak with a slightly negative shift with increasing scan rate suggests that the EOR in the cathodic path is scan-rate dependent. This trend shows that ethanol oxidation of the higher-valence metal oxides is a rate-determining process, as reported by Fleishmann et al. 33 . The ratio of the anodic to cathodic current (Ia/Icat) ( Figure S16E ) is high at low scan rates, which might 31 be due to the rapid formation of the active CoOOH layer. The change in the Ia/Ic ratio is approximately negligible after a sweep rate of 100 mV s −1 . 
where k, C 0 , and t are the catalytic rate constant (cm 3 (Table S2 ) based on the Cottrell formula (3) and current-time relationships ( Figure 3C -a-C-e). 
Stability of the hierarchical structures of electrodes with reuse/cycles
To explore the long-term stability of the longitudinal electrode designs after multiple reuse/cycles, the hierarchical structures, orientational surface crystals, and morphological shapes of the g-C or C-NT/Co 3 O 4 /3D PNi electrodes were investigated by HAADF-STEM ( Figure S19 ). Figure that among all the designed electrodes in this study, the C-NT/Co 3 O 4 CPs/3D PNi electrode showed smaller semicircle diameters than the other electrodes, as shown in Figure 3F . The highly exposed energy surface interfaces longitudinally aligned along NRs, LSs, and MCSs considerably reduce internal resistance, provide continued pathways for electron/ion transfer, and subsequently increase the redox reaction rate. These advantages contribute to the fast kinetics of electron transport, high catalytic activity, and durability with multiple cycles that are required for DEFCs ( Figure 3 and Supplementary Sections S13, S14 and S16-S18). 
Proposed mechanism of EOR
Basically, the proposed mechanism of EOR can be interpreted and analyzed on the basis of the adsorption phenomena of ethanol molecules and the reaction kinetics on the anisotropic surfaces time may be attributed to the electrode surface poisoning by the strongly adsorbed species, which also indicates the reaction kinetics. In our electrochemical assays, the reduction of the poisoning species formed on the electrodes can be controlled at low potential experiments <<0.9 V. Thus, the enhanced kinetics of EOR using the designed electrode is directly demonstrated by the catalytic functionality of the electrodes. Significantly, the continuous production of OH during ethanol oxidation is the key step for the removal of CO ads . 
